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Lateral composition modulation in InAs ÕGaSb superlattices
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We report the analysis of lateral composition modulation in (InAs)m /(GaSb)m superlattices by x-ray
diffraction. Vertical and lateral satellite peaks for a 140 period structure were observed. The lateral
modulation wavelength, average superlattice composition, and vertical superlattice wavelength were
determined. The lateral modulation was observed only along one in-plane direction resulting in
quantum wire-like structures along the@11̄0# direction. The unconventional structure of the lateral
composition modulation, in which the stacking of the layers leads to a doubling of the vertical
superlattice period, is discussed. ©2003 American Institute of Physics.
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I. INTRODUCTION

Lateral composition modulation~LCM! is the spontane-
ous formation of phase-separated, self-organized peri
structures parallel to the surface during epitaxial growth
semiconductor films. Recent studies have demonstr
LCM in a number of III–V semiconductor ternary alloy
both in ABC2 single-layer structures1,2 and in vertical
short-period superlattice~SPS! structures consisting of two
lattice mismatched components (AB)m /(CD)n , i.e.,
(InP)m /(GaP)n ,3,4 where m and n denote the number o
atomic monolayers. Typical lateral wavelengths range fr
100 to 400 Å.5,6 LCM has been shown to have profoun
consequences on the physical properties of these sem
ductor systems, e.g., band gap reduction, valence-band s
ting, and in-plane anisotropy,7 all of which may be exploited
for optoelectronic applications. In particular, light emittin
diodes and lasers with compositionally modulated active
gions have already been fabricated and have demonst
modified materials performance in comparison to conv
tional quantum well lasers.8–10

The causes of LCM are currently under debate, but i
generally agreed that there is a kinetic process in which
face diffusion, including a gradient term, together with stra
lead to thickness undulation and composition modulatio11

The detailed combination of these different effects is ma
rial dependent, and so it is possible that different mec
nisms predominate in single-layer versus SPS structures12

In this work we report the x-ray diffraction analysis o
LCM in InAs/GaSb superlattices~SL!. These superlattice
are important because of their use in optoelectronic appl
tions such as midwave infrared detectors13 and lasers.14

a!Electronic mail: dstokes@uh.edu
b!Present address: University of Houston-Downtown, Department of Nat

Sciences, Houston, TX 77002.
c!Present address: HRL Laboratories, LLC, Malibu, CA 90265.
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II. EXPERIMENT

A 140 period (InAs)13/(GaSb)13 superlattice structure
was grown by molecular beam epitaxy on GaSb~001! sub-
strates, with a 2000 Å GaSb buffer and a 100 Å InAs c
The SL was intentionally grown with InSb interfacial bond
Details of the growth are given elsewhere.15 The superlattice
was grown with a vertical wavelength of approximate
80 Å, both InAs and GaSb layers being nominally 40 Å, i.
this is not a SPS structure, in which each layer is only a f
monolayers thick. Employing high-resolution x-ray diffra
tion ~XRD! we are able to describe the average morpholo
of the structure, including the vertical and lateral modulati
wavelengths, the strain in the layers, and the orientation
the LCM. This article will discuss the observed LCM mo
phology and the causes of the LCM.

III. RESULTS

Figure 1 shows a cross-sectional scanning tunneling
croscopy~XSTM! image in the@110# projection for the entire
vertical height of the superlattice where images of periods~a!
1–45, ~b! 32–84, ~c! 58–117, and~d! 84–137 are shown
Lateral thickness undulations are evident in both the In
and GaSb layers, dark and bright regions, respectively,
are more prominent in the InAs layers. From these image
is clearly seen that it took a few periods of growth before
modulation was initiated, and the peak-to-trough height
creased as the growth continued until about 40 perio
where they became regular; beyond about 80 periods,
modulation became quite irregular. This is the clearest im
of laterally organized thickness undulations in a SL repor
to date.16 XSTM images indicate that no lateral undulatio
occur in the orthogonal plane.15,16

Thickness undulations in superlattice bilayers have b
a leading candidate for the cause of LCM in SLs, and
standard model depicting the undulations is shown in F
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2~a!.17 The morphology observed in Fig. 1~b! is depicted
schematically in Fig. 2~b!, with the corresponding diffraction
peaks in reciprocal space, and is quite different from
standard model. The thickest parts of the undulating laye
are offset from each other by half the undulation waveleng
resulting in a vertical period twice that of the deposited
perlattice. This may occur in order for the layer to mainta
the flattest, lowest energy surface possible. The parall
gram depicts the superstructure unit cell, corresponding
both the vertical and lateral structures. The shape of the
cell is due to the stacking of the undulating layers. The tila
of the unit cell base with respect to the~001! plane leads to
an equal tilt of the vertical satellite peaks with respect to
@001# direction.

Although thickness undulations were observed in
XSTM image, this does not necessarily imply that chemi
LCM exists. If the thickness of layer B in Fig. 2~b! does not
vary, this structure will not exhibit LCM; the A/B ratio
would be the same in regionsu andw. On the other hand, if
the thickness of layer B varies as depicted in Fig. 2~b!, the
A/B ratio is greater in regionsw and smaller in regionsu,
resulting in LCM. The essentially vertical bright and da
stripes in Fig. 1, InAs-rich and GaSb-rich regions, resp
tively, imply that LCM is present. This was verified by XRD

For periodic lateral structure, i.e., thickness undulat
and composition modulation, the Bragg diffraction peaks
surrounded by a set of lateral satellites. If only thickne
undulations are present, lateral satellites may be pre
about high order vertical satellites; however, only LCM w
lead to lateral satellites about the zeroth order vertical sa
lite, SL0, which corresponds to the average SL lattice sp
ing. The effects of LCM on the SL0 peak itself may also
observable along the growth direction, depending on
magnitude of the composition change.

FIG. 1. XSTM image in the@110# projection for the entire vertical height o
the 140 period (InAs)13 /GaSb)13 superlattice where images of periods~a!
1–45,~b! 32–84,~c! 58–117, and~d! 84–137 are shown.
Redistribution subject to AIP license or copyright, see http://ojps.aip.org
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High-resolution double crystal XRD analysis of th
sample was performed on a four-circle diffractometer with
12 kW rotating anode x-ray source, using CuKa1 radiation
(l51.540 51 Å). Radial line scans were performed throu
the ~002!, ~004!, and~006! Bragg peaks as well as reciproc
space maps~RSMs! about the~004!, ~224!, and~444! Bragg
peaks in the plane perpendicular to the lateral modulati
(f[0°) and parallel to the lateral modulations (f[90°).

Radial line scans through the~004! Bragg peak atf
50° andf590° are shown in Figs. 3~a! and 3~b!, respec-
tively. Note that the odd numbered vertical satellite peaks
missing from Fig. 3~b!, which will be explained later. The

FIG. 2. Schematic diagrams of~a! predicted LCM in SPS structure and~b!
the LCM observed in an (InAs)13 /GaSb)13 superlattice, along with the as
sociated diffraction pattern in reciprocal space.LSL andLLCM are the wave-
lengths of the vertical SL and LCM, respectively. Regionsu andw represent
Ga-rich and In-rich regions of the structure, respectively. The small arr
indicate where the GaSb~layer B! is thickest~between a trough and a cres
of the InAs layer!. The parallelogram shows the unit cell corresponding
the vertical and lateral superstructure, wherea is the angle between the uni
cell base and the~001! plane. The black circle represents a Bragg diffracti
peak from the average lattice~SL0!, while the gray circles represent vertica
and lateral satellites.
/japo/japcr.jsp
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313J. Appl. Phys., Vol. 93, No. 1, 1 January 2003 Stokes et al.
~004! RSM atf50°, Fig. 4, contains peaks correspondi
to GaSb and the average superlattice~SL0!, and vertical su-
perlattice satellite peaks up to62. The ~224! and ~444!
RSMs indicate that the superlattice is fully strained to
GaSb substrate and buffer.

RSMs performed about the~004!, ~224!, and ~444!
Bragg peaks atf[90° confirmed the presence of LCM. Th
f590° ~004! and ~444! RSMs are shown in Figs. 5~a! and
5~b!, and show satellite peaks corresponding to both the
tical and lateral structure; lateral satellites are observed a
the SL0 peak. In this plane, the vertical superlattice peaks
tilted with respect to@001#, as depicted schematically in Fig
2~b!. The measured tilt of 7.5°60.5° does not affect the SL
crystalline planes, i.e., the SL0 peak is not tilted with resp

FIG. 3. XRD radial scans through the~004! Bragg peak at~a! f50° and
~b! f590°, which shows the absence of odd order satellites.

FIG. 4. XRD reciprocal space map around the~004! Bragg peak atf
50°, perpendicular to the LCM, whose linear radial scan is shown in F
3~a!.
Redistribution subject to AIP license or copyright, see http://ojps.aip.org
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to the GaSb peak, and results from the stacking of the un
lating layers. There are also diffuse streaks of intensity pa
ing through the satellites along the stacking direction, wh
are naturally attributed to stacking errors. The vertical
explains the absence of the odd numbered satellites from
radial scan in Fig. 3~b!; the odd numbered vertical satellit
peaks are shifted off of the@001# axis in this plane, as seen i
Figs. 5~a! and 5~b!. Only two-dimensional RSMs can revea
both the LCM satellites and the tilting of the structure.

The LCM wavelength measured from thef[90°
RSMs,LLCM555463 Å, is in excellent agreement with th
spacing measured between bright~or dark! columns in the
XSTM image, which is approximately 600 Å. Note th
XRD measurements average over the entire sampled volu
which in this case includes the entire vertical height of t
sample, whereas XSTM images are highly localized. T
thickness undulation wavelength measured from the XS
images, assuming a sine wave periodicity, is 11
21200 Å, which is twice the LCM wavelength. Note th
for a standard model LCM superlattice, Fig. 2~a!, these two
wavelengths would be identical. Typical LCM wavelengt
reported in the literature range from 100 to 400 Å, which
similar to LLCM for this sample.

The vertical SL wavelength,LSL5155610 Å, was de-
termined from all of thef50° andf590° RSMs and radial
.

FIG. 5. XRD reciprocal space maps of LCM around the~a! ~004! and ~b!

(4̄4̄4) Bragg peaks atf590°, parallel to the LCM, whose linear radial sca
is shown in Fig. 3~b!.
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scans. The intended SL wavelength was 80 Å. This meas
doubling of the intended wavelength corresponds to
LCM structure as depicted in Fig. 2~b!. The610 Å variation
of LSL is best illustrated by the radial~004! scans in Fig. 3;
the 62 and 14 satellite peaks show splitting. Unlike th
work by Gianniniet al.,18 simulations indicate that the dif
ferent compositions in regionsu and w cannot completely
account for the observed splitting. Rather, it indicates t
there are two or more discreteLSL values in the structure
We believe that this is due to variations along the grow
direction, which are clearly seen in Fig. 1. This is consist
with the fact that the splitting is not seen in the odd nu
bered satellites which are due to the doubling ofLSL associ-
ated with the periodic lateral structure, and therefore co
primarily from the sample section represented by Fig. 1~b!.
The entire sample contributes to the even numbered s
lites, even where the lateral structure is weak, and there
these will most strongly reflect variations along the grow
direction.

The average SL lattice constant was determined from
of the scans, both atf50° and 90°, and measured relative
GaSb which was assumed to be relaxed witha56.0959 Å.
The measured SL lattice constants area56.0959 Å ~in-
plane!, and c56.108060.001 Å ~out-of-plane!. This indi-
cates that the nominally InAs SL layers (aInAs56.0583 Å)
are in fact InAsSb. This is consistent with previous ST
images of this sample that showed both Sb in the InAs lay
as well as some As in the GaSb layers.15 The complex struc-
ture of the sample prevented a complete fit of the XRD
tensities, however, simulations indicated that the fraction
As in the GaSb layers is less than 4%, and that the fractio
Sb in the InAs layers varies from;12% in regionsu to
;8% in regionsw, where InSb interfacial bonds have be
considered. This alloying was not addressed in previ
publications,15,16although it is consistent with XSTM image
of the sample.

IV. DISCUSSION

While surface undulations have been observed in o
samples,19 this is the clearest image of thickness undulatio
in a SL exhibiting LCM. This is partly due to the fact tha
this is not a SPS, i.e., these layers are more than a few m
layers thick. Images of a similar structure have been obtai
by cross-sectional transmission electron microscopy of In
AlInAs superlattices.20 There have been no other reports
vertical wavelength doubling, indicative of the structure o
served here; however, different undulation structures
likely to occur, depending on the strain between the SL l
ers and the substrate.4–6,11,17,21–25

Thickness undulations are clearly the cause of LCM
this sample. The InAs~Sb! layer thickness ranges from 4 t
28 monolayers, while the Ga~As!Sb thickness varies from 8
to 18 monolayers, as determined from XRD simulatio
This leads to InAs~Sb!/Ga~As!Sb ratios of approximately
2:1 in regionw and 1:3 in regionu. There is alloying in the
SL layers, and there is some lateral variation of the alloyi
but this effect is much smaller than the large thickness va
tions that are observed.
Redistribution subject to AIP license or copyright, see http://ojps.aip.org
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The surprising lateral structure of this sample is attr
uted to the facts that~1! the Ga~As!Sb thickness undulation
are much smaller than those of the InAs~Sb! layer, and~2!
the thickest part of the Ga~As!Sb layer is not above a troug
in the previous InAs~Sb! layer, but between a crest an
trough. There are two possible explanations for the ini
point. Thickness undulations are believed to be driven
strain relaxation.11,21,26–30This SL is fully strained, i.e., lat-
tice matched to the GaSb substrate. The relaxed lattice
stants corresponding to the limiting layer compositions giv
above are 6.1102 Å for InAs0.877Sb0.123 and 6.0767 Å for
GaAs0.043Sb0.957. Thus, the InAs~Sb! layer is under a com-
pressive strain<0.2% and the Ga~As!Sb layer is a under
tensile strain<0.3%. Although these strains are small, t
InAs~Sb! is under compressive strain, which has been sho
to be more likely to lead to film instabilities.11,31–33Second,
the surface tensions of these layers are 1400 ergs/cm2 for
InAs, and 1600 ergs/cm2 for GaSb. With alloying of the lay-
ers, the surface tension of InAs would decrease, while tha
GaSb would increase. The somewhat smaller InAs~Sb! sur-
face tension makes it more likely to form undulations. A
though these influences are small, they would tend to ca
greater thickness variation in the InAs~Sb! layer.

The position of the Ga~As!Sb ‘‘crest’’ does not appear to
be explained by current elastic instability theory. Several
ticles have addressed the morphology of strained-layer
perlattices, and predict elastic roughening or ripples as
related to the growth mode.11,21,26–30,34,35The theory that
most closely describes the observed LCM structure is
Shilkrot et al.21 This theory predicts undulations, which a
classified as an in-phase, complex or out-of-phase gro
mode. In the in-phase mode, each sequential layer is mo
lated in-phase, with the amplitude of modulation increas
as the growth progresses. This structure does not lea
LCM. In the out-of-phase mode, each sequential layer
180° out-of-phase with its surrounding layers, as depicted
our Fig. 2~a!. SL layers A and B are assumed to be stra
balanced with respect to the substrate, having equal and
posite strain. This theory predicts that an undulating la
will be most relaxed at its crests~lowest surface energy!;
hence, material B prefers to grow on the troughs of mate
A due to the stress/strain state resulting from the underly
interface. In the complex mode described by Shilkrotet al.,
alternating layers are either in or out of phase, and the pat
may be periodic or aperiodic. While both the out-of-pha
and complex modes can lead to LCM, they do not expl
the structure observed here, i.e., the preferential growth
Ga~As!Sb between the InAs~Sb! troughs and crests, which
would be referred to as 90° out-of-phase in the Shilkrotet al.
terminology. Our structure consists of alternating layers t
are 90° and 180° out-of-phase with the surrounding laye

If the preferred growth of the Ga~As!Sb between a
trough and crest of the InAs~Sb! layer is to be explained by
strain, the InAs~Sb! troughs must have an in-plane lattic
constantless than that of the substrate and the Ga~As!Sb.
This is unlikely, since there is no driving force for a redu
tion of the InAs~Sb! lattice constant below that of Ga~As!Sb.
In this case, the detailed surface diffusion and gradient
/japo/japcr.jsp
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ergy contributions to the evolving structure must be cons
ered.

Alternatively, this may be explained by GaSb growth
facetted surfaces. It has been shown that the growth rat
GaSb~by metalorganic molecular beam epitaxy! is enhanced
on ~11n! substrates over that on~001!.36 This may imply that
the growth rates will also be enhanced at atomic steps c
sisting of ~11n! planes. This sample was grown on a nom
nally ~001! substrate and x-ray measurements indicate a m
cut of less than 0.2°. However, even a small mis
introduces steps on the surface; therefore, the GaSb
grow at a faster rate on the step edges of the InAs la
resulting in the observed stacking of the layers.

Finally, we discuss the tilt of the vertical peaks aw
from the@001# direction. This tilt should equal the tilta @Fig.
2~b!# of the superstructure unit cell with respect to the~001!
plane. The anglea is given by tan21(1/2LSL /LLCM)
57.96° and is in excellent agreement with the 7.5°60.5° tilt
measured from the RSMs. The diffuse streaks seen in Fi
occur only along one tilt direction, which is attributed to
slight miscut of the substrate. The RSMs appear simila
those from LCM structures grown on intentionally misc
substrates, in which the tilt angle matches the miscut an
even though the cause of the tilt is quite different.37,38

V. SUMMARY

In conclusion, we have reported the observation of LC
in an (InAs)m /(GaSb)m SL and have shown a clear image
thickness undulations in a LCM sample. We identify thic
ness undulations as the cause of LCM in this structure. Th
undulations may be due to the strain state or surface ten
of the layers or a combination of these effects, along w
unequal surface diffusion of the species. Using XRD
have quantitatively described the morphology and struc
of the sample. Because of its unconventional structure,
theoretical model is currently available that can explain
LCM formation.

In a parallel publication, the structure is described as
organization of InAs nanowires spontaneously formed wit
the InAs/GaSb superlattice.16 We chose to describe this mor
conservatively as LCM because of the correlation of
InAs/GaSb regions. With control of the LCM formation, i.e
modulation wavelength, these structures may indeed prov
be useful for quantum wire applications.
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